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Diplocraterion, a U-shaped burrow attributed to infaunal invertebrates, is normally a shallow-marine trace fossil and not
part of a continental vertebrate ichnoassemblage. Hence, the Glen Rose Formation (Aptian–Albian) of Texas (USA) pre-
sents an opportunity to study Diplocraterion associated with a world-class dinosaur tracksite. Most Diplocraterion are in
a bioclastic wackestone–packstone bed just above the Taylor Tracklayer, a signiﬁcant dinosaur track horizon. Diplocrate-
rion are consistently sized, but with variable depths; most have protrusive spreiten and northeast–southwest trends. Smal-
ler Arenicolites co-occur with Diplocraterion, and other trace fossils include Rhizocorallium and a large theropod
trackway. Based on our analysis, a sea-level rise buried the Taylor Tracklayer, with a shallow-marine carbonate mud
colonised by Diplocraterion and Arenicolites tracemakers. Protrusive Diplocraterion, eroded burrow tops, Rhizocoral-
lium, and other criteria point towards ﬁrming and net erosion of the bed caused by a stillstand. The depositional environ-
ment of the Diplocraterion bed was possibly a subtidal lagoon that covered shoreward sediments impacted by large
theropods. Burrow orientations suggest bidirectional currents consistent with trends of theropod trackways, implying
each were controlled by a shoreline. The results of our study demonstrate how marine invertebrate and continental
vertebrate trace fossils can be used together to deﬁne ﬁne-scale changes in former carbonate shorelines.
Keywords: ichnology; trace fossils; dinosaur tracks; burrows; Cretaceous; sea level
1. Introduction
The Glen Rose Formation (Lower Cretaceous: Aptian–
Albian) of east central Texas is ichnologically world
famous for its abundant and exquisitely preserved thero-
pod and sauropod tracks, particularly where the forma-
tion crops out in and near Dinosaur Valley State Park
(Bird, 1985; Dattilo et al., 2014; Farlow, 1993, 2001;
Farlow et al., 2012). In contrast, the invertebrate trace
fossils of this marginal marine sequence of limestones
and mudstones are less known; instead, researchers
focused on its lithofacies and vertebrate trace fossils
(Bird, 1985; Farlow, 1993; Farlow, Pittman, &
Hawthorne, 1989; Jasinski, 2009; Kuban, 1989a, 1989b;
Meyer & Pittman, 1994; Shuler, 1917).
Fortunately, a recent stratigraphic analysis of the
Glen Rose Formation in and around Dinosaur Valley
State Park provided a preliminary accounting of its
invertebrate trace fossils and their stratigraphic positions
(Dattilo et al., 2014). Of these trace fossils, potentially
the most useful for interpreting depositional environ-
ments is Diplocraterion, a U-shaped, tubular, and verti-
cally oriented burrow with spreiten. This ichnogenus,
which has been reported from continental and marginal
marine sediments ranging from the Cambrian through
the Neogene, is also commonly applied to sedimento-
logical analyses, particularly in marginal marine
facies (Cornish, 1986; Fürsich, 1974a, 1975; Goldring,
1962, 1964; Mason & Christie, 1986; Oloriz &
Rodriguez-Tovar, 2000; Rodríguez-Tovar & Pérez-Valera,
2013; Seilacher, 2007). In the Glen Rose Formation, a
bioclastic wackestone–packstone bed-bearing abundant
Diplocraterion, ﬁrst described by Nagle (1968), crops
out at several places in and around Dinosaur Valley State
Park. It is also located <.5 m above the Taylor
Tracklayer, one of the best dinosaur track horizons in the
Glen Rose Formation (Bird, 1985; Dattilo et al., 2014;
Farlow et al., 2012; Kuban, 1989a, 1989b).
In our study, we conﬁrmed that Diplocraterion and
associated trace fossils (Arenicolites, Rhizocorallium) in
this bed provide information pertinent to sedimentation
rates and sea-level ﬂuctuations during and just after
formation of the Taylor Tracklayer. The Diplocraterion
bed thus serves as an example of how marginal marine
invertebrate trace fossils can be applied to better
understand paleoenvironmental settings of nearshore
continental vertebrate trace fossils.
2. Study area, stratigraphy
The Glen Rose Formation in the study area crops out
mostly along the Paluxy River valley in and around
Dinosaur Valley State Park, west of Glen Rose, Texas
(USA) (Figure 1(a)). The formation varies from Aptian–
Albian throughout its outcrop area, but is Albian in the
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study area (Dattilo et al., 2014; Farlow et al., 2012;
Hawthorne, 1990; Nagle, 1968). Outcrops in the area of
Dinosaur Valley State Park are from the Lower Member
of the Glen Rose Formation (Dattilo et al., 2014). The
Glen Rose Formation is best known for its abundant and
well-preserved sauropod and theropod tracks, although
its invertebrate trace fossils have also received some
attention in a few recent studies (Dattilo et al., 2014;
Farlow et al., 2012). Depositional environments of the
Glen Rose Formation were supratidal-subtidal, with a
mixture of carbonate–clastic systems that produced a var-
ied sequence of limestones, marls, and shales (Dattilo
et al., 2014; Hawthorne, 1990; Nagle, 1968). During the
Albian, paleotemperatures of this region were consider-
ably higher than today (White, González, Ludvigson, &
Poulsen, 2001), and the paleolatitude was at about 25°
(Ludvidson et al., 2004; Ufnar, Ludvigson, González, &
Davis, 2005); hence, the overall paleoclimate was
tropical–subtropical.
Diplocraterion in the study area is concentrated in a
laterally persistent and easily identiﬁed bioclastic
wackestone–packstone bed (Figure 1(b)). As one of the
better-cemented limestones in the 6-m-thick section
exposed in the study area, it crops out prominently in
streambed and riverbank exposures over more than
15 km2 in the study area. Thus, the physical appearance
and trace fossils of this bed make it a useful biostrati-
graphic marker for mapping the lower member of the
Glen Rose Formation in and around Dinosaur Valley
State Park (Dattilo et al., 2014; Farlow et al., 2012;
Hawthorne, 1990; Nagle, 1968). Other trace fossils co-
occurring with Diplocraterion in this bed are Arenicol-
ites, Rhizocorallium, and, at one locality, a large thero-
pod trackway. The Diplocraterion bed is consistently
less than 50 cm above one of the most signiﬁcant dino-
saur track horizons in the vicinity of Dinosaur Valley
State Park, the Taylor Tracklayer. The Taylor Tracklayer
contains numerous trackways of large theropods and has
historical value for inspiring misguided evangelism
around so-called man tracks amidst the dinosaur tracks
(Farlow, 1993; Kuban, 1989a, 1989b).
Three localities with excellent exposures of the Di-
plocraterion bed were used for this study: the LowT/
Riverbend Cliff, McFall Ledge, and Buckeye Branch
Mouth sites (Figure 1(a)). The LowT/Riverbend Cliff
and McFall Ledge sites provided bedding-plane views of
the bed top. The Buckeye Branch Mouth site had con-
tinuous vertical expressions of the bed in a riverside out-
crop, as well as large ﬂoat blocks offering bedding-plane
perspectives. Given sufﬁcient specimens from these three
localities, we characterised morphological and preserva-
tional variations of Diplocraterion in the area, as well as
documented its co-occurrence with other trace fossils.
This information lent to speciﬁc interpretations of
paleoenvironmental conditions following formation of
the Taylor Tracklayer.
Figure 1. Locations and stratigraphic setting of the Diplocraterion Bed in the Glen Rose Formation. (a) Selected area of Dinosaur
Valley State Park (denoted by dashed boundary) and Paluxy river outcrops within the context of Texas (USA), with LowT/Riverbend
Cliff site (LTR), McFall Ledge (ML), and Buckeye Branch Mouth (BBM) outcrops indicated. (b) Glen Rose Formation stratigraphy
in the study area, with Diplocraterion bed (arrow) indicated; stratigraphic proﬁle based on relative amounts of shale (Sh), marly
limestone (Mrl), and limestone (Ls).
Note: Figure adapted from Dattilo et al. (2014); see the same for details on Glen Rose Formation stratigraphy.
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3. Methods
The stratigraphic position of the Diplocraterion bed with
relation to the Taylor Tracklayer was documented by two
of us (BD and SH); Dattilo et al. (2014) reported the
main results of that survey. Two of us (AJM and MB)
identiﬁed and measured burrows in the ﬁeld at the desig-
nated three localities. One of us (JOF) had previously
taken measurements of theropod trackway orientations in
the Main Tracklayer, as well as for one trackway on top
of the Diplocraterion bed at McFall Ledge.
Size measurements of Diplocraterion and Arenicol-
ites were taken with Mitutoyo digital calipers and only
from in situ burrows. Measurements of Diplocraterion
expressed on bedding planes were burrow U-width, bur-
row-tube width, and spreiten width; these were measured
inside the minimum outlines of these features (Figure 2).
For vertical sections of Diplocraterion, burrow length
(depth) was measured, along with burrow U-width and
burrow-tube width. In instances where original tubes of
burrows were not preserved or otherwise clearly deﬁned,
burrow-tube width was measured on distal ends of each
burrow. A Silva compass was used to determine strikes
of Diplocraterion tops, deﬁned by linear trends of spreite
on bedding planes. These measurements were later cor-
rected for a magnetic declination of 4° in the study area.
To avoid data duplication, each burrow was marked with
blue chalk after taking measurements. Diplocraterion ori-
entations were analysed and plotted in rose diagrams
using PAST (PAleontological STatisics) software
(Versions 3.04 and 2.17), which was originally
developed by Hammer, Harper, and Ryan (2001). All
Diplocraterion and Arenicolites specimens were mea-
sured in the ﬁeld to the nearest .1 mm, whereas the few
specimens of Rhizocorallium reported from Buckeye
Branch Mouth site were measured from photographs
(with scale) to the nearest millimetre. Burrow measure-
ments and orientations were entered in Excel spreadsheets
and analysed using basic descriptive statistics, and data
were summarised in histograms. A detailed description of
the statistics applied to the Diplocraterion and dinosaur
trackway orientations is in Appendix 1.
4. Diplocraterion and related trace fossils in the
Glen Rose Formation
4.1. Ichnotaxonomic distinctions
The three invertebrate ichnogenera identiﬁed in the Di-
plocraterion bed are Diplocraterion, Arenicolites, and
Rhizocorallium, which are all U-shaped burrows. How-
ever, each ichnogenus had distinctive morphological
traits that enabled identiﬁcation in the ﬁeld. Ichnospecies
were identiﬁed when possible, although detailed ichno-
taxonomy was not the primary focus of our study.
Diplocraterion Torell, 1870, is a vertical, U-shaped
tubular burrow oriented perpendicular to bedding and
with spreiten (Fürsich, 1974a; Seilacher, 2007). Burrow
openings may be wider, narrower, or the same width as
the main part of the burrow. Spreiten can be either below
the main burrow or above and inside the ‘U’ turn of the
burrow. Spreiten below the main burrow indicate it is
retrusive, representing where the tracemaker moved the
burrow upward in response to increased sedimentation
(Bromley, 1996; Goldring, 1962, 1964; Seilacher, 2007).
In contrast, spreiten located above the main burrow are
protrusive, indicating downward movement of the trace-
maker, a behaviour likely triggered by erosion of the
sediment surface above the burrow (Bromley, 1996;
Goldring, 1962, 1964; Seilacher, 2007). Such vertical
adjustments of burrow depth probably ensured optimum
feeding depths for the burrow dweller or accommodated
tracemaker growth (Bromley, 1996; Bromley & Hanken,
1991; Šimo & Olšavskỳ, 2007). Hence, Diplocraterion
is considered a dwelling, feeding, and equilibrium trace
in which its tracemakers attempted to maintain an ideal
burrow depth in its host sediment.
Ichnospecies of Diplocraterion (e.g. D. parallelum,
D. polyupsilon, D. habichi) are based on variations in
U-width or tube width along the length of the burrow, or
other such morphological details (Bromley, 1996). Indi-
vidual specimens of Diplocraterion can also include both
retrusive and protrusive spreiten from combinations of
up-and-down movement, lending to the informal nick-
name ‘Diplocraterion yoyo’ (Goldring, 1962, 1964,
1971). However, ichnospecies names should not be
applied to bedding-plane exposures of Diplocraterion, as
these do not reveal sufﬁcient information about their
subsurface form.
Arenicolites Salter, 1866, lacks spreiten, but other-
wise has the same salient traits of Diplocraterion: tubu-
lar, U-shaped, vertical, and oriented perpendicular to
bedding. Accordingly, Diplocraterion is distinguished
from Arenicolites in vertical section based on the pres-
ence or absence of a spreite, respectively. On bedding
planes, Diplocraterion often differs from Arenicolites by
having a central, indented linear zone connecting the two
Figure 2. Measuring methods for Diplocraterion. (a) Mea-
sured parameters of U-burrow width (UW), burrow-tube width
(TW), and spreite width (SW) on bedding planes. (b) Measur-
ing Diplocraterion spreite width at LowT/Riverbend Cliff site
with digital calipers.
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burrow openings. This feature is a result of sediment
partially collapsing from the underlying spreite, or from
different ﬁll (i.e. active in the spreite vs. passive in the
tube), and hence imparting differential compaction and
weathering. Arenicolites intersecting bed tops normally
lack this trait, but it also may have been imparted by
sediment compacting between limbs of a U-burrow.
Nonetheless, Arenicolites is still distinguishable as con-
sistently paired and identical width holes on bedding-
plane surfaces that are not joined by a central zone
towards their tops.
Rhizocorallium Zenker, 1836, is virtually identical to
Diplocraterion, with a U-shaped tube (burrow) and spre-
iten, but is oriented oblique or horizontal with respect to
bedding (Knaust, 2013; Seilacher, 2007). Moreover, its
spreiten are normally protrusive (Seilacher, 2007),
although retrusive examples are known (Knaust, 2013).
Rhizocorallium also may vary from Diplocraterion in its
substrate setting, as this ichnogenus, and R. jenense
speciﬁcally, is normally associated with ﬁrmgrounds (i.e.
the Glossifungites ichnofacies), rather than soft-ground
infaunal communities (Bromley, 1996; Knaust, 2013;
Oloriz & Rodriguez-Tovar, 2000; Pazos et al., 2012).
Furthermore, Diplocraterion and Arenicolites are usually
interpreted as the dwelling burrows of infaunal suspen-
sion feeders, whereas Rhizocorallium can be regarded as
either a suspension-feeding or deposit-feeding burrow
(Dam, 1990; Rodríguez-Tovar & Pérez-Valera, 2008;
Knaust, 2013).
Eubrontes Hitchcock, 1845, is an ichnogenus com-
monly applied to large tridactyl theropod tracks from the
Early Jurassic through the Early Cretaceous (Lockley,
2009; Olsen et al., 1998). This ichnogenus was applied
originally by Shuler (1917) to the Glen Rose theropod
tracks, and the ichnospecies most often assigned to large
theropod tracks in the Glen Rose Formation is Eubrontes
glenrosensis Shuler 1935, based on the type specimen in
the bandstand of downtown Glen Rose, Texas (Adams
et al., 2010; Farlow, 1993). In this study, we will use
Shuler’s (1917) naming of the Glen Rose theropod
tracks, but without necessarily endorsing it.
In the study area and the examined bed, Diplocrate-
rion and Arenicolites were expressed in both bedding-
plane (cross-sectional) views at all three localities
(LowT/Riverbend Cliff, McFall Ledge, and Buckeye
Branch Mouth), but longitudinal (vertical) views of these
trace fossils were only seen at Buckeye Branch Mouth.
Moreover, Rhizocorallium was only observed in vertical
section at Buckeye Branch Mouth, and Eubrontes occurs
solely at McFall Ledge.
4.2. LowT/Riverbend Cliff site
Diplocraterion and Arenicolites are abundantly repre-
sented in bedding-plane exposures of the Diplocraterion
bed at the LowT/Riverbend Cliff site (Figure 3). This
locality is also well known for its theropod trackways in
the Taylor Tracklayer, which crops out in the main
channel of the Paluxy River. However, it was submerged
at the time of our study. The base of the Diplocraterion
bed is only about 30 cm above the Taylor Tracklayer
there, with the beds separated by a siltstone. The
Diplocraterion bed crops out along east and west banks
of the river, and all observed U-burrows were in top
surfaces of the Diplocraterion bed. During our study,
some surfaces were emergent, whereas others were
15–20 cm underwater. Owing to this logistical challenge,
burrow widths, U-widths, and spreite widths, and burrow
orientations were measured only on emergent bedding
planes. However, we were able to measure a large sample
of orientations on submerged examples of Diplocraterion
by holding a compass just above the water level.
At this site, most specimens of Diplocraterion were
evident as negative-relief endichnia, with paired open
tubes connected by a straight, thinner zone of shallowly
collapsed spreiten. Burrows showed relatively little varia-
tion in size parameters, with mean tube widths of 12.5
± 1.7 mm, U-widths of 61.3 ± 9.6 mm, and spreiten
widths of 10.7 ± 1.8 mm (n = 92; Figure 4(a)–(c),
Table 1(a)). The smallest measured specimen had a tube
width of 9.0 mm and U-width of 43.2 mm, whereas the
largest was nearly twice as big, with a tube width of
17.4 mm and U-burrow of 84.5 mm. The mean
U-width:tube width ratio for measured burrows was 5.0
(n = 92). In this same sample, 89% of burrows had
straight outlines, whereas 11% were curved. Moreover,
15% (14 of 92) of Diplocraterion lacked open tubes and
were only evident as shallow linear concavities. These
likely represented the lowermost part of the original
U-burrow, discussed later. A few burrows had
10–20 mm wide and 5–10 mm tall pelletal rims along
their outer edges (Figure 3(d)), but most edges were
smooth and nearly ﬂush with the bedding plane.
Arenicolites was more variable than Diplocraterion
in its size parameters, with a mean tube width of 4.3
± 1.6 mm and U-widths of 19.3 ± 4.8 mm (n = 46;
Table 1(b)). Size ranges of Diplocraterion and Arenicol-
ites were entirely separate from one another, as the big-
gest Arenicolites (8.0 mm tube width and 31.4 mm
U-width) was less than the smallest Diplocraterion. A
few specimens of Arenicolites had a central collapsed zone
connecting the tubes, but these were poorly deﬁned com-
pared to those in Diplocraterion. Most Arenicolites were
evident as proximally paired and equally sized holes with
no deformation evident in the area between limbs.
Burrow orientations for Diplocraterion, taken from
both emergent and submerged surfaces, could be broadly
categorised as 54% northeast–southwest (NE–SW) quad-
rant and 46% northwest–southeast (NW–SE) (n = 368;
Table 1(c)). The largest grouping of orientations is
NE–SW (31–60°) at 20.1% of the total, and the second
largest is NE–E to SW–W (61–90°) at 18.5% of the total
(Figure 4(d)).
Although we did not attempt a thorough spatial
analysis of distances between burrows on the bed-
ding plane (e.g. nearest-neighbour analysis, sensu
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Pemberton & Frey, 1984), no Diplocraterion and
Arenicolites were observed overlapping or otherwise cut-
ting across other burrows. In one sample of the bedding
plane for burrow density, we found 14 burrows/m2. Ends
of separate burrows were as close as 2–3 cm from one
another in places, but otherwise separated by more than
a burrow width.
4.3. McFall Ledge Site
The Diplocraterion bed at the McFall Ledge site has a
limited outcrop area compared to the LowT/Riverbend
Cliff site. Accordingly, Diplocraterion and Arenicolites
were less abundant in bedding-plane exposures there
(Figure 5). The bed crops out about 3 m above the river
level on its southern bank and is the stratigraphically
highest bed of the Glen Rose Formation there, with the
Taylor Tracklayer about 30 cm below it. All observed
U-shaped burrows were on top surfaces of the bed.
However, the bed at this site differs from all other
known exposures by having a large theropod trackway
(Eubrontes isp.) on its upper surface, which also
intersects several Diplocraterion.
Nearly all specimens of Diplocraterion were evident
as negative-relief endichnia and paired open tubes,
although tubes were absent from a few specimens.
Spreiten were expressed as shallow, linear depressions
between paired tubes. Despite a smaller sample size,
burrow size parameters were nearly identical to those
noted at the LowT/Riverbend Cliff site, with a mean
tube width of 12.6 ± 1.5 mm, U-width of 60.9 ± 8.9 mm,
and spreiten width of 11.2 ± 1.4 mm (n = 28;
Figure 6(a)–(c); Table 2(a)). The smallest measured
specimen had a tube width of 8.7 mm and U-width of
40.4 mm; the largest tube width was 15.8 mm and
widest U-burrow of 74.8 mm, which were close to
minimum–maximum values observed at LowT/Riverbend
Cliff. The mean U-width:tube width ratio for measured
specimens was also 5.0 (n = 28). About 79% of burrows
(22 of 28) had straight outlines on bedding planes,
Figure 3. Diplocraterion at the LowT/Riverbend Cliff site. (a) Oblique view of bedding-plane exposure, showing abundance and
distribution of burrows. Scale = 20 cm long. (b) Overhead view of bedding plane with relative density of burrows, with both Di-
plocraterion (Di) and Arenicolites (Ar). Scale = 20 cm long. (c) Burrows on bedding plane in various preservational states, including
Arenicolites (Ar) and Diplocraterion (Di). Scale = 15 cm long. (d) Close-up of Ar, Di; note pelleted exterior of Diplocraterion. Scale
in centimetres.
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whereas 21% had spreite curving between burrow
limbs. Approximately 36% of Diplocraterion (10 of 28)
lacked open tubes and only showed a shallow linear
concavity.
Owing to its comparatively limited outcrop area,
Arenicolites was not nearly as abundant at McFall Ledge
as at the LowT/Riverbend site, with only four specimens
observed. The largest had a U-width of 22.7 mm and
Figure 4. Histograms and rose diagram of quantitative data for Diplocraterion at LowT/Riverbend Cliff site. (a) U-burrow widths;
(b) burrow-tube widths; (c) spreiten widths; (d) orientations.
6 A.J. Martin et al.
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Table 1. Descriptive statistics of (a) Diplocraterion, (b) Arenicolites, and (c) Diplocraterion orientations at LowT/Riverbend site.
Min Max Mean Med Mode Std Dev N
(a) Diplocraterion
U-burrow width 43.4 84.5 61.3 61.5 67.3 9.6 92
Burrow-tube width 9.0 17.4 12.5 12.2 13.9 1.7 92
Spreite width 6.2 14.8 10.7 10.4 10.9 1.8 92
(b) Arenicolites
U-burrow width 11.2 31.4 19.3 19.2 17.4 4.8 46
Burrow-tube width 2.1 8.0 4.3 4.7 4.1 2.0 46
(c) Diplocraterion orientations, grouped in series of 30° (n = 368)
1–30° 31–60° 61–90° 91–120° 121–150° 151–180°
Number 57 74 68 59 59 51
Percentage 15.5 20.1 18.5 16.0 16.0 13.9
Notes: Min, minimum; Max, maximum; Med, median; Std Dev, standard deviation; N, number in sample. All measurements are in millimetres. Full
data sets of Arenicolites and Diplocraterion measurements and orientations are available from AJM on request.
Figure 5. Diplocraterion at the McFall Ledge site. (a) Overhead view of bedding-plane with relative density and distribution of
Diplocraterion, also in various preservational states. Scale = 10 cm. (b) Overlapping Diplocraterion. Scale = 5 cm. (c) Closely
associated and similarly aligned Diplocraterion, but ranging from nearly complete (left and centre) to only the bottommost portion of
the original ‘U’ (right). Scale = 5 cm. (d) Lower part of ‘U’ from Diplocraterion intersected by proximal left margin of theropod track
(Eubrontes isp.). (e) Diplocraterion (Di) associated with right theropod track (Eubrontes isp.), with Diplocraterion depicted in (d)
outlined and digits II-IV (II-IV) on track indicated. Scale (left) in centimetres. (e) Map of Diplocraterion (Di) intersected by, within,
and near theropod track; pressure-release structures on left sides of digits III and IV. Scale = 10 cm.
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Figure 6. Histograms and rose diagram of quantitative data for Diplocraterion at McFall Ledge site. (a) U-burrow widths; (b)
burrow-tube widths; (c) spreiten widths; (d) orientations.
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tube width of 6.0 mm, the smallest had a U-width of
15.6 mm and tube width of 4.4 mm, and the other two
were between these (Table 2(b)). Size ranges of
Arenicolites and Diplocraterion were again separate, as
the largest Arenicolites (burrow width 6.0 mm and
U-width 22.7 mm) was less than the smallest
Diplocraterion (8.7 mm and 40.4 mm, respectively).
Burrow orientations for Diplocraterion differed
slightly from those measured at LowT/Riverbend Cliff
site, with 50% NE–SW and 50% NW–SE (n = 28;
Table 2(c); Figure 6(d)). However, the number of mea-
surements at this locality was more than an order of
magnitude smaller than at the LowT/Riverbend Cliff site;
hence, this sample may not be useful for comparison.
As at the LowT/Riverbend site, we did not apply
spatial analysis of burrows. However, nearly all burrows
were separate from one another, in most instances spaced
more than a burrow U-width apart. The only exceptions
to this generality were two instances of interconnecting
Diplocraterion, which shared a burrow tube (Figure 5(b))
and a grouping of three closely spaced burrows
(Figure 5(c)). One sample of the bedding plane had a bur-
row density more than twice that of the LowT/Riverbend
site, at 31 burrows/m2. However, the smaller exposure at
this site means any relating of its burrow density to that of
the LowT/Riverbend site must be applied cautiously.
This was the only exposure of the Diplocraterion
bed that also had dinosaur tracks as part of its ich-
noassemblage. These tracks were represented by one
theropod trackway (Eubrontes isp.) on the top surface of
the bed. The trackway originally had four tracks in suc-
cession (left-right–left-right), although the third in the
sequence was stolen, leaving a gap in the trackway. The
remaining tracks are tridactyl, preserved as natural
depressions (negative-relief epichnia) and are 40–41 cm
long and 28 cm wide. Trackway width is relatively nar-
row: 40 cm, or about 1.5 times track width. Pace from
the ﬁrst to second track is 124 cm, and stride – taken
from the second and fourth track (both right feet) – is
253 cm. The trackway orientation is 131° or to the
southeast. A large bipedal theropod, such as an
allosaurid, is the most likely tracemaker for these tracks
(Dattilo et al., 2014; Farlow, 1993; Farlow et al., 2012).
Like most dinosaur tracks in the Glen Rose Formation,
these are easily distinguishable as vertebrate trace fossils.
Nonetheless, other than narrow (sharp) clawmarks, these
tracks mostly lack anatomical details, such as digital
pads and skin impressions.
The most important track in this sequence is the sec-
ond, a right footprint that overlaps with the surface
expression of ﬁve Diplocraterion, with another nearby
on the same bedding plane (Figure 5(d)–(f)). In contrast,
the other two tracks lacked any Diplocraterion within or
along their margins. For the track that co-occurs with
Diplocraterion, two burrows are intersected by the track
margin and three are entirely within the track. One of
the intersected specimens straddles the lower left edge of
the track – at the proximal end of digit II – whereas the
other Diplocraterion is to the right, along the distal end
of digit IV. The burrow on the lower left side of the
track is 20–25 mm deep, with a U-width of 54 mm and
burrow width of 18 mm wide; its original tubes are
absent. The part of the burrow inside the track margin is
a few millimetres shallower than outside of the track
(Figure 5(d)). The intersected burrow on the upper right
side of the track is slightly shallower (10–15 mm deep),
but otherwise similarly sized, with a U-width of 51 mm
and burrow width of 18 mm. This burrow also lacks
deﬁned tube openings.
Of the other Diplocraterion specimens located inside
the track, one is at the distal intersection of digits II and
III (left), another is at the intersection of digits III and
IV (right), and a third is towards the right proximal
(‘heel’) part of the track. All three burrows are shallower
than the intersected burrows (5–10 mm deep) and other-
wise smaller. These burrows are nearly identical in size:
the upper left, upper right, and lower right burrows have
U-widths of 34, 32, and 28 mm, and burrow widths of
13, 13, and 15 mm, respectively. The U-width: burrow
width ratios differ noticeably from that calculated for
Diplocraterion outside of the track (5.0), with values of
2.6, 2.5, and 1.9. None of the three burrows has open
Table 2. Descriptive statistics of (a) Diplocraterion, (b) Arenicolites, and (c) Diplocraterion orientations at McFall Ledge site.
Min Max Mean Med Mode Std Dev N
(a) Diplocraterion
U-burrow width 40.4 74.8 60.9 60.2 – 8.9 28
Burrow-tube width 8.7 15.8 12.6 12.9 12.4 1.5 8
Spreite width 8.1 14.3 11.2 11.1 11.5 1.4 28
(b) Arenicolites
U-burrow width 15.6 22.7 18.8 18.4 – 3.0 4
Burrow-tube width 3.1 6.0 4.8 5.1 – 1.3 4
(c) Diplocraterion orientations, grouped in series of 30° (n = 28)
1–30° 31–60° 61–90° 91–120° 121–150° 151–180°
Number 4 6 4 5 5 4
Percentage 14.3 21.4 14.3 17.9 17.9 14.3
Notes: Min, minimum; Max, maximum; Med, median; Std Dev, standard deviation; N, number in sample. All measurements are in millimetres. Full
data sets of Arenicolites and Diplocraterion measurements and orientations are available from AJM by request.
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tubes, and instead are preserved as shallow, oval
depressions. Interestingly, all ﬁve burrows associated
with the track have similar orientations, ranging from 4
to 17° (N–NE), vs. the 131° orientation of the trackway.
Another Diplocraterion is about 9 cm to the left of
the distal end of digit II. It is about 20–25 mm deep, has
a U-width of 62 mm, a tube width of 15 mm. Similar to
the ﬁve Diplocraterion specimens directly associated
with the theropod track, burrow tubes are not evident,
and its orientation is nearly north–south (2°). However,
its U-width: burrow width ratio is 4.1 and thus closer to
the norm of 5.0 for other Diplocraterion at this locality.
All of the described traits of this and other burrows in
and intersecting this theropod track imply that they are
eroded lower parts of originally more complete
Diplocraterion and perhaps were compressed by the
theropod, signiﬁcant points discussed more later.
4.4. Buckeye Branch Mouth site
The Diplocraterion bed at the Buckeye Branch Mouth
site is the only outcrop we examined with a signi-
ﬁcant number of vertical (longitudinal) expressions of
Diplocraterion. Hence, we could assess variations in bur-
row depths and expression of spreiten, i.e. whether these
were protrusive, retrusive, or a combination of the two.
The bed crops out above the river level and on the
eastern bank at this site (Figure 7(a)). Based on 20
measurements taken along a 63-m-long exposure parallel
to the Paluxy River, Diplocraterion bed thickness ranged
from 17 to 31 cm, with an average of about 22 cm
(Table 3). The Taylor Tracklayer is about 30 cm below
the Diplocraterion bed here, but notably thinner than at
the LowT/Riverbend and McFall Ledge sites and is only
exposed in vertical sections of the outcrop. The river
bank also held large ﬂoat blocks bearing Diplocraterion
and Arenicolites that could be connected directly to the
outcrop. These blocks provided bedding-plane expres-
sions of their trace fossils and showed they were more
densely populated here than at any other locality known
in the ﬁeld area (Figure 7(b) and (c)). For example, in
one block, we calculated a density of about 450
burrows/m2. Arenicolites was not observed in vertical
sections here, but was identiﬁed by its smaller, paired
burrow openings on ﬂoat-block bedding planes
(Figure 7(c)). Furthermore, this site was the only one in
which we observed examples of Rhizocorallium,
although these trace fossils were rare compared to
Diplocraterion, discussed later.
Specimens of Diplocraterion in longitudinal section
were preserved as negative-relief endichnia with paired
open tubes visible on bed tops, but also with either one
or both limbs of their U-shaped tubes outlined (Fig-
ure 7(d)–(f )). A few Diplocraterion on bed tops of ﬂoat
blocks had raised sediment rims surrounding the bur-
rows, similar to those seen at the LowT/Riverbend and
McFall Ledge sites, but were better deﬁned (Figure 7(c)).
For in situ Diplocraterion, half of the vertical expres-
sions of Diplocraterion had only one limb, and half had
both (n = 92). Spreiten were clearly deﬁned between
each limb on most burrows. However, some specimens
preserved only the lowermost bend of the original
U-burrow and spreiten (Figure 7(e)). Diplocraterion also
commonly cross-cut on another in vertical section
(Figure 7(f)), afﬁrming the high density of burrows
noted on ﬂoat-block bedding planes and implying
multiple generations of burrowing.
Mean tube width of measured specimens was 11.5
± 2.1 mm (n = 90), mean U-width was 58.3 ± 14.6 mm
(n = 49), and mean burrow depth was 64.3 ± 21.6 mm
(n = 92; Figure 8, Table 4). The smallest tube width and
U-width were 2.9 and 31.9 mm, respectively, which
overlaps with the size range of Arenicolites at the other
two localities. The largest Diplocraterion tube width and
U-width were 15.4 mm and 91.8 mm, respectively; this
tube width was nearly the same as that of the largest
Diplocraterion at McFall Ledge site (15.8 mm), and the
U-width was slightly greater than the largest specimen at
LowT/Riverbend (84.5 mm). In terms of vertical dimen-
sions, the shallowest measured specimen was 20.4 mm
and the deepest was 137.5 mm; the former was repre-
sented only by the bottommost bend of spreiten from a
former burrow. Diplocraterion depths accordingly ranged
from 9% (20.4 mm) to 62% (137.5 mm) of average bed
Table 3. (a) In situ thicknesses of Diplocraterion bed at
Buckeye Branch Mouth, taken at 3-m intervals along 63-m
length of outcrop. Measurements rounded to nearest .5 cm. (b)
Descriptive statistics of bed measurements.
Metres Thickness (cm)
(a) In situ thicknesses of
Diplocraterion bed
0 18.5
3 25.0
6 (covered)
9 23.5
12 31.0
15 23.0
18 28.5
21 26.5
24 18.5
30 28.0
33 21.5
36 20.0
39 20.5
42 22.0
45 19.5
48 17.5
51 17.0
54 20.0
57 17.0
60 20.0
63 17.0
(b) Descriptive statistics (all in centimetres)
Min Max Mean Med Mode Std Dev N
17.0 31.0 21.7 20.3 20.0 4.3 20
Notes: Min, minimum; Max, Maximum; Med, Median; Std Dev,
Standard Deviation; N, number in sample.
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thickness (22 cm), and none penetrated the entire bed.
The U-width: tube width ratio for measured specimens
was 5.1, nearly the same as the 5.0 ratio derived from Di-
plocraterion at the LowT/Riverbend and McFall Ledge
sites. In those Diplocraterion where burrow position rela-
tive to spreiten could be discerned, 83% were protrusive
(burrow tube above the spreiten), 13% were retrusive
(burrow tube below the spreiten), and 4% had spreiten
both above and below the burrow tube (n = 54). The two
specimens observed with both protrusive and retrusive
spreiten had nearly identical depths (63.3 and 64.6 mm).
Vertical expressions of these Diplocraterion also
allowed for ichnotaxonomic designations, as summarised
by Bromley (1996, ﬁgure 9.9). Nearly every specimen
observed was D. parallelum, in which the ‘U’ of the
burrow has an almost uniform width throughout its
length, and spreiten are joined directly to the inner part
of the burrow tube. However, a few specimens had the
‘U’ part of the burrow slightly widened at their distal
(deepest) ends and thus were more akin to D. helmer-
seni. Several other specimens also apparently had nested
spreiten, in which spreiten are wider with depth; if so,
these could be designated as D. polyupsilon. Nonethe-
less, numerous instances of Diplocraterion cross-cutting
one another complicated our identiﬁcation of ich-
nospecies, so we concluded that D. parallelum should be
treated as the default ichnospecies for this bed.
The few specimens of Rhizocorallium detected at
Buckeye Branch Mouth were limited to the upper 10 cm
of the bed and were horizontal or inclined at 20–30°
with respect to bedding. All spreiten were protrusive
(Figure 7(g)), and open tubes were visible in some speci-
mens, although we did not observe scratches on burrow
interiors. These trace fossils were evident in longitudinal
and cross-sectional views, as long as 154 mm and
59–83 mm wide (Table 5). At least one Rhizocorallium
observed in the outcrop cut across a Diplocraterion and
hence was formed afterwards. Although specimens of
Rhizocorallium were uncommon, they co-occurred with
Diplocraterion and were comparably sized. Indeed, some
near-vertically inclined and protrusive D. parallelum sug-
gest transitions between Diplocraterion and Rhizocoral-
lium (sensu Knaust, 2013). Owing to small sample size
and lack of details in individual burrows, we could not
determine ichnospecies for Rhizocorallium, such as
R. jenese or R. commune. Nevertheless, an absence of
faecal pellets in Rhizocorallium spreiten and tubes is
typical of R. jenese and rules out R. commune as an
ichnospecies (Knaust, 2013). Moreover, R. jenese is
more commonly associated with ﬁrmgrounds, i.e. the
Glossifungites ichnofacies.
5. Analysis of results
Our results show that Diplocraterion specimens in the
Diplocraterion bed of the Glen Rose Formation are
remarkably consistent in size and other traits at the three
examined localities. This morphological consistency is
relevant to paleoenvironmental interpretations of this
bed, as it probably reﬂects similar ecological conditions
throughout the study area for the Diplocraterion trace-
maker. By pooling data and qualitative traits from the
three examined localities, we were able to create a
Diplocraterion archetype for the study area. This ide-
alised specimen would have a U-width of about 60 mm,
a burrow-tube width of 12 mm, a burrow depth of 65 mm,
protrusive spreiten, and would be oriented northeast–south-
west (Figure 9). Variations of this archetype – such as dif-
fering burrow-tube widths, spreite, absence or presence of
burrow tubes, and burrow depths – are explainable through
different biological and sedimentological factors that
affected the Diplocraterion tracemakers’ behaviours and
preservation of their traces afterwards.
The co-occurrence and similarly proportioned
Arenicolites and Rhizocorallium in the same bed as Di-
plocraterion suggests that all three ichnogenera may
have been made by similar tracemakers, with variations
depending on tracemaker growth stages and substrate
types. Tracemakers of Diplocraterion, Arenicolites, and
Rhizocorallium in the bioclastic wackestone–packstone
bed were most likely infaunal marine invertebrates and
may have been the same species. For the two most abun-
dant U-shaped burrows (Diplocraterion and Arenicol-
ites), suspension-feeding invertebrates would have been
Table 4. Descriptive statistics of Diplocraterion at Buckeye Branch Mouth site.
Min Max Mean Med Mode Std Dev N
U-burrow width 31.9 91.8 58.3 57.7 69.8 14.6 49
Burrow-tube width 2.9 17.2 11.5 11.5 10.7 2.1 90
U-burrow depth 20.4 137.5 64.3 63.1 57.6 21.6 92
Notes: Min, minimum; Max, maximum; Med, median; Std Dev, standard deviation; N, number in sample. All measurements are in millimetres. Full
data sets of Diplocraterion measurements are available from AJM on request.
Table 5. Rhizocorallium measurements from the Glen Rose
Formation at Buckeye Branch. ‘L or C’ refers to longitudinal
or cross-section, respectively. Measurements in millimetres and
taken from photographs with included scale.
Specimen L or C Length U-burrow width Burrow width
1 L 154 N/A 11
2 L 136 N/A 12
3 C N/A 83 11
4 L 109 N/A 9
5 C N/A 68 8
6 C N/A 59 9
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the most likely tracemakers, such as polychaetes or
decapod crustaceans (Bromley, 1996; Fürsich, 1974a;
Gingras, Dashtgard, MacEachern, & Pemberton, 2008;
Rodríguez-Tovar & Pérez-Valera, 2013; Seilacher, 2007;
Šimo & Olšavskỳ, 2007). For example, burrows made
by the modern amphipod Corophium volutator can
resemble either Diplocraterion or Arenicolites
(Dashtgard, Gingras, & Pemberton, 2008; Gingras et al.,
2008). In modern lagoonal carbonate sediments of the
Bahamas, upogebiid shrimp, such as Upogebia vasquezi,
also make U-shaped burrows (Curran & Martin, 2003;
Martin, 1999). Although we did not observe scratches or
similar bioglyphs on burrow walls, which would
correspond to arthropod legs, a few burrow tops retained
pelletal exteriors (Figures 3(d) and 7(c)), a trait of some
marine decapod burrows (Curran, 2007; Curran &
Martin, 2003; Martin, 2013).
Bromley and Hanken (1991) noted growth stages in
Diplocraterion and other trace fossils, meaning the size
gap between Arenicolites and Diplocraterion could either
indicate two different species of tracemakers or different
growth stages of the same species. The nearly identical
U-width:burrow width ratio for both ichnogenera (~5.0),
however, could be used to support either hypothesis. For
instance, this ratio may reﬂect an architectural adaptation
in which a U-shaped burrow optimised suspension feed-
ing in two different species. Alternatively, the same spe-
cies might have made both types of burrows, but the
smaller growth stage of that species was incapable of
adjusting its burrow up and down in response to sedi-
mentation and erosion, respectively. Consequently, spre-
iten would be absent from such burrows. Oloriz and
Rodriguez-Tovar (2000) discerned growth stages in
Diplocraterion from the Upper Jurassic of Spain;
Figure 7. Diplocraterion at the Buckeye Branch Mouth site. (a) Outcrop view of Diplocraterion bed, with bed top indicated by
dashed line. (b) Top bedding plane on ﬂoat block with high density of Arenicolites and Diplocraterion, evident as open burrows and
collapsed spreiten sandal and foot = 10 cm wide. (c) Close-up of Arenicolites (Ar) and Diplocraterion (Di) on bedding plane, with
pelletal rim surrounding two Diplocraterion (right); scale = 5 cm. (d) Diplocraterion parallelum in longitudinal section, with open
burrow tube and protrusive spreiten; scale = 5 cm. (e) Closely spaced Diplocraterion with differing preservation, with one specimen
having only the basal part of its spreiten and ‘U’ burrow (left) and another with a more complete expression of its overall form and
identiﬁable as D. parallelum with protrusive spreiten (right); scale = 5 cm. (f) Intersecting Diplocraterion, with one burrow (left)
cross-cutting another (right); scale = 5 cm. (g) Multiple specimens of horizontally to obliquely oriented Rhizocorallium (Rh), with one
specimen cross-cutting another (below) and one with open burrow tubes (above); scale = 5 cm.
12 A.J. Martin et al.
D
ow
nl
oa
de
d 
by
 [A
nth
on
y M
art
in]
 at
 06
:24
 15
 M
ay
 20
15
 
Rodríguez-Tovar and Pérez-Valera (2013) further pro-
posed that Middle Triassic Diplocraterion in Spain
demonstrated connections between tracemaker growth
stages and ecological conditions. In terms of settlement
timing, though, we did not see any Arenicolites cross-cut
Diplocraterion or vice versa. Hence, we could not tell
whether their respective tracemakers preceded one
another, or whether they overlapped in their residence
time in the substrate.
The same tracemakers of Arenicolites and
Diplocraterion also may have been responsible for Rhi-
zocorallium in the Diplocraterion bed. Rhizocorallium is
normally associated with polychaete tracemakers, but
also has been attributed to decapod crustaceans, espe-
cially in Mesozoic examples (Knaust, 2013; and refer-
ences therein). Specimens of Rhizocorallium at Buckeye
Branch Mouth support this premise, bearing lengths and
U-burrow widths in the same range as Diplocraterion
depths and U-burrow widths, respectively. Given greater
sediment ﬁrmness, the Rhizocorallium tracemakers
would have behaved differently in making these burrows
vs. those of Diplocraterion or Arenicolites. However, we
do not regard these burrows as deposit-feeding traces, as
opposed to suspension-feeding traces of Arenicolites and
Diplocraterion (Dam, 1990; Knaust, 2013). Open burrow
tubes in the Buckeye Branch Mouth Rhizocorallium
Figure 8. Histograms of quantitative data for Diplocraterion at Buckeye Branch Mouth site. (a) U-burrow widths; (b) burrow-tube
widths; (c) U-burrow depths.
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imply these were dwelling burrows, which is more con-
sistent with suspension feeding and would have been
more likely in a ﬁrmground (Bromley, 1996; Knaust,
2013; Oloriz & Rodriguez-Tovar, 2000; Pazos et al.,
2012).
Local variations in substrate consistency likely
affected tracemaker colonisation, burrow orientation, and
burrow morphology at the three examined localities. For
example, moderate numbers of burrowers and nearly
contemporaneous populations would have occupied soft-
grounds, such as at the LowT/Riverbend Cliff and
McFall Ledge sites, whereas ﬁrmgrounds would have
had separate generations in the same place over greater
amounts of time (Frey & Seilacher, 1980; MacEachern,
Pemberton, Gingras, & Bann, 2007; MacEachern,
Pemberton, Gingras, Bann, & Dafoe, 2007; Pemberton
& Frey, 1985). Only one locality, Buckeye Branch
Mouth, showed densely packed and numerous overlap-
ping burrows in the Diplocraterion bed, whereas the
other two localities collectively had a single example of
burrows cutting across one another (McFall Ledge). As a
result, a spatial analysis of burrows, such as a nearest-
neighbour analysis (sensu Pemberton & Frey, 1984),
seemed unnecessary. Our preliminary assessment is that
the Diplocraterion bed was not subject to long-term (e.g.
thousands of years) colonisation. For instance, in modern
ﬁrmgrounds, the elapsed time between the original
ecosystem, burial, compression, exhumation, and expo-
sure of a sedimentary bed to ﬁrmground tracemakers can
take place in just a few hundred years (Morris & Rollins,
1977; Pemberton & Frey, 1985). Based on burrow abun-
dance, size-frequency distributions that resemble popula-
tions, and qualitative features, the Diplocraterion bed at
the LowT/Riverbend and McFall Ledge sites may repre-
sent only a few colonisation events by Arenicolites and
Diplocraterion tracemakers. Regardless, this bed cer-
tainly had signiﬁcant local differences in how it was
used (or reused) by benthic infauna over time.
Variations in Diplocraterion spreiten, burrow depths,
and preservation of lowermost portions of U-burrows all
indicate that the top surface of the Diplocraterion bed
was partially eroded in places, while also providing esti-
mates of the minimal amount of that erosion. Spreiten at
Buckeye Branch Mouth are mostly protrusive (83%),
which is consistent with the majority of Diplocraterion
tracemakers adjusting their burrows downward in
response to erosion (Bromley, 1996; Goldring, 1962,
1964; Seilacher, 2007; Šimo & Olšavskỳ, 2007). Based
on variations in burrow depth for Diplocraterion with
protrusive spreiten at Buckeye Branch, approximately
the top 5–12 cm of the bed was eroded. This estimate is
based on the following: a maximum depth of about
14 cm for one specimen; most specimens having depths
of about 6–7 cm; and some as little as 2–3 cm. These
data also correspond with variable thickness measured
for the Diplocraterion bed at Buckeye Branch Mouth,
which ranged from 17 to 31 cm, a difference of 14 cm.
Lastly, eroded Diplocraterion, preserved only as
oval-shaped depressions on bedding planes, represent the
bottom parts of U-burrows. These burrow remnants were
at all three localities, and at McFall Ledge, a few
co-occur with a theropod track (Eubrontes isp.) on the
top surface of the bed. Preservation of these lowermost
portions of burrows also indicates that the bed underwent
partial erosion. The theropod trackway at McFall Ledge
further suggests that the bed had already been eroded
and perhaps was subaerially exposed when this dinosaur
walked across it.
As mentioned previously, sediments composing the
Diplocraterion bed at the Buckeye Branch Mouth site
were probably colonised by multiple generations of
infauna, and in a substrate that changed from a soft-
ground to a ﬁrmground. This would have signalled a
shift from a Skolithos ichnofacies to a Glossifungites
ichnofacies (MacEachern, Pemberton, Gingras, & Bann,
2007; MacEachern, Pemberton, Gingras, Bann, & Dafoe,
2007). This supposition is supported by interconnected
ichnological and sedimentological evidence. First, a
dominance of protrusive Diplocraterion, varying depths
of Diplocraterion, eroded burrow tops, crowding and
cross-cutting burrows, and open-tubed (i.e. suspension
feeding) forms of Rhizocorallium, all imply a progressive
ﬁrming and erosion of this bed (Knaust, 2013; Knaust &
Costamagna, 2012). Furthermore, all observed Rhizoco-
rallium were restricted to the uppermost 10 cm of the
Diplocraterion bed, and in one instance cut across a
Diplocraterion. This indicated that Rhizocorallium likely
Figure 9. Diplocraterion ‘archetype’ based on averages from
descriptive statistics of measured specimens from three sites
(LowT/Riverbend Cliff, McFall Ledge, Buckeye Branch
Mouth) in the Diplocraterion bed, Glen Rose Formation.
Scale = 1 cm.
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represents a ﬁnal colonisation phase of infauna in these
sediments. Additionally, the common preservational
mode of Arenicolites, Diplocraterion, and Rhizocoral-
lium as well-deﬁned open tubes suggests that sediments
were ﬁrm enough to retain burrow shapes. However, an
absence of scratch marks on burrow walls, borings,
encrusting organisms, pyritic or phosphatic mineralisa-
tion along the bed top, or other aspects of hardgrounds
(Bromley, 1996; Frey & Seilacher, 1980; Knaust, 2013;
Seilacher, 2007) shows that the ﬁrmground did not segue
into a hardground.
Diplocraterion burrow orientations at the Riverbend/
LowT and McFall Ledge sites also help to clarify the
paleoenvironmental setting for the Diplocraterion bed.
These orientations show a weakly deﬁned northeast–
southwest preference, but with a secondary grouping of
northwest–southeast orientations. These groupings sug-
gest that bidirectional currents may have had an inﬂu-
ence on suspension-feeding Diplocraterion tracemakers.
Crustaceans are known to align their burrows with cur-
rents (Hohenegger & Pervesler, 1985), and Diplocrate-
rion and Rhizocorallium are well documented as
burrows in which their tracemakers likely oriented with
currents to facilitate suspension feeding (Fürsich, 1975;
Knaust, 2013; Oloriz & Rodriguez-Tovar, 2000).
Interestingly, these burrow orientations also align with
northeast–southwest bidirectional trends of theropod
trackways in the Taylor Tracklayer, as reported previously
by Farlow et al. (2012) (Figure 10; see Appendix 1 for
details). The most parsimonious explanation for this
coincidence is that both trace fossil assemblages were
controlled by a northeast–southwest trending shoreline. In
such a scenario, longshore currents would have
inﬂuenced burrow orientations, whereas wave activity
perpendicular to the shoreline could be assumed for a
foreshore environment. Because the Diplocraterion bed
overlies the Taylor Tracklayer, currents passing over a
buried intertidal–supratidal zone would have prompted
the tracemakers to orient the burrows; accordingly, the
shoreline would have moved upslope. Nonetheless, this
‘new’ shoreline still could have been parallel to the one
that inﬂuenced theropod behaviour during formation of
the Taylor Tracklayer.
A more speciﬁc explanation for similar orientations of
theropod trackways and Diplocraterion burrows, but with
each ichnoassemblage separated by time, is that of a linear
lagoon (longer than wide) with tidal exchange. Ebb and
ﬂood tides would have carried bountiful detritus for infau-
nal suspension feeders, which would have oriented their
burrows more or less parallel to these ﬂow directions
(Oloriz & Rodriguez-Tovar, 2000). Moreover, in a linear
lagoon, tidal currents would have ﬂowed parallel to its
shoreline, but also may have varied in directions. An
alternative explanation to a lagoon is an open tidal ﬂat
with an extensive shoreline, but with a shoreline that
would have been consistent enough to produce the same
preferred orientations observed in the burrows. Nonethe-
less, in either case, currents likely had preferred directions,
which would have affected behaviours of benthic infaunal
suspension feeders in those environments.
Given all of this ichnological, sedimentological, and
stratigraphic information, the overall picture of Di-
plocraterion and associated trace fossils in the bed is that
of a quiet-water, shallow subtidal (nearshore) environment
that later underwent some dewatering (ﬁrming) and partial
erosion. An analogous modern environment would be a
low-energy lagoon composed of carbonate mud and sand,
microtidal regime, and hosting an actively burrowing
infauna. Curran and Martin (2003) described such an envi-
ronment from the Bahamas; in this example, upogebiid
shrimp produce doubled and intersecting U-shaped bur-
rows, which these shrimp develop on stabilised surfaces of
callianassid-shrimp burrow mounds (Curran & Martin,
2003; see also Knaust, Curran, & Dronov, 2012; Martin,
1999, 2006). Although coastal carbonate facies are often
characterised as ‘rapid-cementing’ when compared to clas-
tic facies, rates of cementation are sufﬁciently variable in
shallow-marine environments that carbonate ﬁrmgrounds
do not necessarily become hardgrounds in a geological
instant (Flügel, 2010; Moore & Wade, 2013). As a result,
the Diplocraterion bed could have started as a softground,
then transitioned to a ﬁrmground while still hosting infau-
nal invertebrates, but also may have remained a ﬁrm-
ground while buried or later exhumed. Although a detailed
look at vadose cementation, paleohydrology, and diagene-
sis of Glen Rose strata was well beyond the scope of our
study, previous researchers have examined these facets
(Ludvigson et al., 2004; Ufnar et al., 2005) and are worthy
topics for work following our ichnological diagnoses.
The theropod trackway at the McFall Ledge site very
likely was made well after the Diplocraterion and
Arenicolites tracemakers were dead and otherwise no
longer inhabiting a shallow subtidal environment. Because
Figure 10. Dinosaur (theropod) track orientations in the Tay-
lor Tracklayer, <1 m below the Diplocraterion bed and in the
same study area. Data were degraded (combined) to reﬂect
bimodally opposed directions of trackways; see Appendix 1 for
further explanation.
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one track literally impacted several Diplocraterion and
these represented the eroded lower parts of the burrows,
Diplocraterion and Arenicolites burrows were occupied,
abandoned, eroded, and possibly exposed subaerially
before a theropod tromped on them. Additionally, the
theropod tracks have clear, deﬁnite outlines, including
one with sufﬁcient quality to inspire its human-enabled
theft. Nonetheless, we also acknowledge that this large
theropod might have waded in shallow water while
stepping on abandoned, eroded invertebrate burrows in
carbonate ﬁrmgrounds. The absence of additional dino-
saur tracks at this and the other two localities implies
either a paleoenvironmental factor excluding their pres-
ence – such as water – or unfavourable conditions for
preserving tracks.
With regard to the Taylor Tracklayer lying under the
Diplocraterion bed, it has been interpreted as a suprati-
dal to intertidal deposit, perhaps on the landward margin
of a lagoon (Dattilo et al., 2014; Farlow et al., 2012).
Interestingly, some theropod tracks in the Taylor Track-
layer have metatarsal impressions, implying that their
trackmakers sank into soft muds that were either emer-
gent or under shallow water (Kuban, 1989a, 1989b).
Nonetheless, Diplocraterion, Arenicolites, and other trace
fossils of suspension-feeding infauna are absent from the
Taylor Tracklayer, although Arenicolites is exceedingly
common in the Main Tracklayer (Dattilo et al., 2014).
This likely means that the sedimentary environment for
the Taylor Tracklayer bed was not submerged deeply
enough to allow colonisation and occupation by suspen-
sion-feeding organisms and thus was indeed intertidal–
supratidal. Accordingly, the Taylor Tracklayer would
have best ﬁt the Brontopodus ichnofacies (sensu Lockley,
Hunt, & Meyer, 1994; Meyer & Pittman, 1994), which
is particularly applicable to dinosaur tracksites associated
with coastal carbonate facies.
Because the Diplocraterion bed is less than 50 cm
stratigraphically above the Taylor Tracklayer, and given
no evidence of a major time gap between the two beds,
its diagnosis allows for ﬁne-scale resolution of sea-level
ﬂuctuations that occurred during and just after these
tracks were formed. Assuming that the Taylor Tracklayer
is a supratidal–intertidal deposit formed on the landward
margin of a lagoon, and that abundant U-shaped burrows
(e.g. Arenicolites and Diplocraterion) reﬂect suspension
feeding in submerged environments, the Diplocraterion
bed represents a higher sea level and is probably subtidal
in origin. In short, these burrows were formed in rela-
tively deeper water than the dinosaur tracks. However,
following a stillstand and/or drop in sea level that
exposed the formerly submerged (or buried) bed, the bed
top would have undergone ﬁrming and erosion, while
also allowing dinosaurs to step on it. Consequently, the
ichnofacies transitions within this <1 m thick interval –
from the top of the Taylor Tracklayer to the top of the
Diplocraterion bed – would have been Brontopodus,
Skolithos, and Glossifungites, with the last of these
overlapping a Brontopodus ichnofacies. Although only
one theropod trackway is known from the Diplocraterion
bed at the McFall Ledge site, it nonetheless gives
important insights on how their respective marine infau-
nal invertebrate and continental vertebrate tracemakers
were separated by both environments and time.
6. Signiﬁcance of study
The Glen Rose Formation in the vicinity of Dinosaur
Valley State Park is considered a world-class dinosaur
tracksite (Bird, 1985; Dattilo et al., 2014; Farlow, 1993;
Farlow et al., 1989, 2012; Jasinski, 2009; Kuban, 1989a,
1989b; Meyer & Pittman, 1994), yet our understanding
of the environmental conditions that led to the formation
and preservation of those tracks is still a work in pro-
gress. Our study of the Diplocraterion bed overlying one
of the most important track-bearing horizons in the area
– the Taylor Tracklayer – thus considerably advances
our understanding of these processes. Most importantly,
our study demonstrates how traces of shallow-marine
invertebrate infauna can be connected to the behaviours
of continental vertebrates. Through examining the smal-
ler and often overlooked invertebrate trace fossils associ-
ated with these tracksites, we clariﬁed much about
changes in sedimentary environments associated with the
tracksite, factors that could not have been gleaned from
the lithofacies and dinosaur tracks alone.
For example, theropod trackways in the Taylor Track-
layer are mostly oriented northeast–southwest, which may
reﬂect the orientation of the paleoshoreline. Sea level then
raised enough to bury the Taylor Tracklayer, having
deposited ﬁne-grained carbonate sediments that allowed
for colonisation by shallow-marine infaunal invertebrates.
A signiﬁcant proportion of the tracemakers oriented their
burrows in northeast–southwest directions, again perhaps
indicating the original shoreline. Colonisation was fol-
lowed by ﬁrming of the sediments and erosion associated
with a sea-level stillstand. A slight drop in sea level then
enabled at least one large theropod to stroll through this
formerly subtidal environment, leaving its tracks less than
a metre above those of its dinosaurian predecessors.
Similar co-occurrences of dinosaur tracks with
intertidal and formerly subtidal carbonates containing
U-shaped burrows (e.g. Diplocraterion and Rhizocoral-
lium) are in the Middle Jurassic Sundance Formation of
Wyoming (Kvale et al., 2001), the Lower Cretaceous
Dakota Sandstone of Colorado (Wright, 2004), and Lower
Cretaceous strata in Patagonia, Argentina (Pazos et al.,
2012). Although a detailed comparison between the Glen
Rose Formation ichnoassemblages and these other sites is
beyond the scope of our study, we hope future researchers
will further unite the study of shallow-marine invertebrate
burrows and dinosaur tracks made near or on them.
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Appendix 1
Explanation of Diplocraterion and dinosaur trackway
orientation statistics
None of the orientation data sets for Diplocraterion show a
Von Mises distribution, which is the circular analogue of a
Gaussian (‘normal’) distribution (Borradaile, 2003), meaning
they are neither uniform nor unimodal. Yet the dinosaur track-
ways from the Taylor Tracklayer, when treated as axial orienta-
tions, are close to such a distribution. This suggests that all
distributions are multimodal, but that the secondary mode of
the dinosaur trackways without direction is relatively small.
However, when assuming these as directions, they are more or
less bimodal. Because the distributions are non-Von Mises,
their means have little importance, other than the axial (non-
directional) dinosaur trackway trends. For this reason,
Rayleigh’s test for signiﬁcance of mean direction (Berens,
2009) does not provide any further insights, as it assumes a
Von Mises distribution and thus fails to detect non-uniformity.
However, Rao’s spacing test (Levitin & Russell, 1999) does
not depend on a Von Mises distribution; thus, it is generally
reliable, given enough observations.
In terms of the Diplocraterion orientation data reported
here, the low number of observations for the McFall Ledge site
makes this the least ‘signiﬁcant’ of all the distributions. It is
deﬁnitely multi-modal, but the low number of observations
(n = 28) makes any display of more than six bin sizes (in this
instance, 30° intervals) irrelevant. Rao’s spacing test (Levitin &
Russell, 1999) suggests a weak non-uniform distribution of the
data. In contrast, the Low T/Riverbend Cliff site, with its large
number of observations (n = 368), strengthens its statistical
meaning: under both Rao’s and Von Mises tests, it is deﬁnitely
non-uniform, pointing towards a preferred alignment of north-
east–southwest for Diplocraterion.
For the dinosaur track orientations – whether consisting of
single isolated tracks or series of many tracks (trackways) – it
is interesting to note that the two modes of dinosaur track
directions are opposite one other, which renders these as more
apparently uniform. Since the two modes are at 180° to one
another, treating them as axial orientations greatly improves the
error on their mean direction. This suggests that the mode for
the dinosaur track orientations is far narrower than that of the
Diplocraterion burrow orientations.
Hence, a statistical comparison between the distribution of
Diplocraterion directions with the axial version of the distribu-
tion of dinosaur trackway directions is challenging, as the dino-
saur track data had to be degraded. Because the distribution of
the Diplocraterion orientation data is so broad and non-
uniform, a comparison of means, using a Watson–Williams test
(Berens, 2009), results in a relatively low probability
(.0029817) that the two distributions (Diplocraterion and dino-
saur tracks) have the same means. Although other statistical
tests should detect ‘equal’ distributions, a visual inspection and
differences in peak narrowness – i.e. the dinosaur trackways
are much more precisely aligned than Diplocraterion – show
that the distributions are not identical anyway. For this reason,
other statistical tests should return a low probability that
the two distributions are identical. In short, we are left pointing
out that both distributions of the Diplocraterion and
dinosaur track orientations have a primary mode in the
northeast–southwest direction, but it is difﬁcult to precisely test
this as a correlation.
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